AUTHOR SUMMARY
The c-MYC oncogene is aberrantly activated in most human tumors, endowing cancer cells with the capacity for infinite division, also known as immortalization. The SIRT1 enzyme, which inactivates numerous inhibitory proteins and thereby extends cellular life span, seemed to have potential as a mediator of c-MYC functions. We found that c-MYC activates SIRT1 by enhancing the production of its cofactor NAD + as well as by sequestering DBC1, an inhibitor of SIRT1. Furthermore, SIRT1 itself activates c-MYC, creating a positive feedback loop that may spin out of control in cancer cells that continuously produce c-MYC. It is still largely unknown how c-MYC converts normal cells into tumor cells that have limitless proliferation capacity and enhanced robustness, even under adverse growth conditions. The c-MYC proto-oncogene (i.e., a normal gene with the capacity to become a cancercausing oncogene) encodes the c-MYC transcription factor, which regulates a large array of target genes. In general, transcription factors are proteins that bind to specific sections of the genome (the complete genetic set) and activate or inhibit certain genes. We analyzed the effect that experimental c-MYC activation had on the expression of SIRT1 protein and mRNA. As the activity of SIRT1 depends on the cofactor NAD + , we also investigated the effects of c-MYC on metabolic pathways that generate NAD + . Because we have previously observed that the SIRT1 inhibitor DBC1 binds to c-MYC (1), we tested whether the binding of c-MYC to DBC1 may positively influence SIRT1 activity. As SIRT1 regulates the activity of many nuclear proteins, we asked whether SIRT1 may also regulate c-MYC and, if so, how.
To study the putative role of SIRT1 after c-MYC activation, we first analyzed the mRNA transcript and protein levels of SIRT1 upon activation of various versions of the c-MYC gene in several cell types. We also studied the effects of reduced or abrogated expression of c-MYC with a variety of methods (e.g., nutrient starvation, genetic deletion, and the use of shRNA molecules that can bind specific genetic segments in the c-MYC mRNA that block its function). After c-MYC activation, the expression of SIRT1 mRNA and protein was compared with genes known to be regulated by c-MYC (2). The correlation between c-MYC and SIRT1 expression was also studied in colorectal cancer specimens. Following c-MYC activation, we detected increased SIRT1 protein levels and activity without any concomitant mRNA increases. This indicated that c-MYC induces the activation of SIRT1 on the protein level and not by simply inducing SIRT1 gene expression. Furthermore, inactivation of c-MYC decreased the amount of SIRT1 protein.
We also studied the NAD + salvage pathway, a metabolic pathway necessary to provide NAD + for SIRT1 activation. It is regulated by the rate-limiting This article is a PNAS Direct Submission. 1 To whom correspondence may be addressed. E-mail: antje.menssen@med.uni-muenchen. de or heiko.hermeking@med.uni-muenchen.de. P1 . The c-MYC/SIRT1 feedback loop (gray) is in place in normal (green) and tumor (orange) cells. However, in normal cells, c-MYC expression is under stringent control by nutrient and growth factor availability and antimitogenic factors, which may shut off the feedback loop. In tumor and cancer cells, c-MYC expression is often constitutive and/or up-regulated as a result of alterations in the c-MYC gene or mutation of upstream regulators as components of the wnt/ APC/β-catenin pathway. Therefore, the feedback loop is permanently on. p53 and X represent SIRT1-substrates with pro-cell death and prosenescence activities, which are subject to inactivation by SIRT1-mediated deacetylation. In the case of p53 this leads to reduced expression of the p53-target genes PUMA and p21, which contributes to enhanced survival and proliferation, respectively. Double colons indicate protein-protein interactions.
enzyme NAMPT (3). Therefore, we tested a putative involvement of NAMPT in SIRT1 activation downstream of c-MYC by chemically inhibiting NAMPT, then measuring levels of NAD + and its reduced form, NADH. In addition, we analyzed the relevance of this SIRT1 activation by experimental inhibition of SIRT1 expression and activity. We also tested whether an increase of c-MYC protein reduces DBC1 binding to SIRT1 and thereby relieves the repression of SIRT1. Furthermore, the c-MYC/SIRT1 protein interaction and its functional consequences were analyzed. Finally, we studied the SIRT1-mediated deacetylation of the c-MYC protein and how this affects the stability and activity of c-MYC.
Our analyses establish a positive feedback connecting c-MYC, NAMPT, DBC1, and SIRT1. First, we identified NAMPT as a gene directly targeted by c-MYC, and an important mediator of SIRT1 activation upon c-MYC induction. Although an NAD + increase following NAMPT induction can explain SIRT1 activation, the molecular mechanism that leads to increased SIRT1 protein levels remains unknown. Second, we found evidence that the binding of c-MYC to the SIRT1 inhibitor DBC1, which leads to sequestration of DBC1 from SIRT1, may contribute to SIRT1 activation in cells with elevated c-MYC expression. Upon simultaneous inactivation of SIRT1 and activation of c-MYC, cells underwent a higher rate of cell death, also known as apoptosis. Therefore, SIRT1 is presumably required to suppress c-MYC-induced apoptosis. Furthermore, we found that SIRT1 directly binds to c-MYC protein and modifies it by deacetylation (that is, by removing an acetyl moiety, a common mode of regulating protein functions). The SIRT1-modified c-MYC thus produced has increased levels of lysine 63-linked ubiquitin chains, features that may stabilize it. Overall, the SIRT1-mediated deacetylation of the c-MYC protein stabilizes c-MYC and enhances activation of c-MYC's target genes.
The positive feedback regulation among c-MYC, NAMPT, DBC1, and SIRT1 described here provides an important insight into the function and regulation of the prototypic c-MYC oncogene. Our results present a direct link between the NAD + salvage pathway and c-MYC. The c-MYC-induced increase in NAD + levels may affect additional cellular functions. Finally, our study suggests that tumor cells with deregulated expression of c-MYC may be especially sensitive to inhibition of the NAMPT and/or SIRT1 enzymes, opening the door to additional therapeutic treatments for cancer.
